Effects of duct source and termination impedance on the acoustic response characteristics of duct elements by Mysore, Prabhanjan
UNLV Retrospective Theses & Dissertations 
1-1-1997 
Effects of duct source and termination impedance on the 
acoustic response characteristics of duct elements 
Prabhanjan Mysore 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Mysore, Prabhanjan, "Effects of duct source and termination impedance on the acoustic response 
characteristics of duct elements" (1997). UNLV Retrospective Theses & Dissertations. 16. 
https://digitalscholarship.unlv.edu/rtds/16 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order.
University Microfilms International 
A Bell & Howell Information Com pany  
3 0 0  North Z eeb  Road. Ann Arbor. Ml 4 8 1 06-1346  USA 
3 1 3 /7 6 1 -4 7 0 0  8 0 0 /5 2 1 -0 6 0 0

Order Number 1359248
Effects o f duct source and termination impedance on the acoustic 
response characteristics o f duct elements
Mysore, Prabhanjan, M.S.
University of Nevada, Las Vegas, 1994
U M I
300 N. Zeeb Rd.
Ann Arbor, MI 48106

EFFECTS OF DUCT SOURCE AND TERMINATION 
IMPEDANCE ON THE ACOUSTIC RESPONSE 
CHARACTERISTICS OF DUCT ELEMENTS
By
Prabhanjan Mysore
A thesis subm itted in partial fulfillment 
of the requirements for the degree of
M aster of Science 
in
Mechanical Engineering
Department of Mechanical Engineering 
University of Nevada, Las Vegas 
August 1994
The thesis of P rabhan jan  Mysore for the degree of Master of Science in 
Mechanical Engineering is approved.
Chairperson/& Advisor, Dr. Douglas D. Reynolds, Ph.D.
Examining Committee Member, Dr. D arrell W. Pepper, Ph.D.
Examining Committee Member, Dr. M oham ed B.E. Trabia, Ph.D.
Graduate Faculty Representative, Dr. W illiam G. Culbreth, Ph.D.
Dean of Graduate Collage, Dr. Ronald W. Smith, Ph.D.
University o f Nevada, Las Vegas 
August 1994
ABSTRACT
The objective of the thesis is to study the effects of 
term ination of an air duct on the acoustic response characteristics of 
the elements in the duct system. The end reflections due to the 
mis-match of the acoustic impedance at the termination affect the 
acoustic characteristics of the duct elements.
The ducts of the duct system, term inating into atmosphere 
abruptly, like the HVAC ducts with diffusers, provide reflective 
termination. W ith this type of termination, much of the sound 
energy in lower frequencies is reflected. This sets up standing sound 
waves inside the duct. The analytical methods to calculate the 
insertion-loss, noise reduction consider single reflection only inside 
the duct. Because of tha t, the analytical values of the insertion-loss 
and noise reduction do not match the experimental values well. 
When an anechoic term ination is provided there will not be any 
reflections from the term ination. This reduces the formation of 
standing sound waves on the downstream side of the acoustic 
element. This improves the agreement between the analytical and 
experimental values.
The effect of term ination on the acoustic characteristics of the 
duct elements was studied using a simple expansion chamber. The 
insertion-loss and noise reduction of the expansion chamber were 
calculated analytically using the transfer matrices and verified 
against the measured values for reflective term ination and also for 
anechoic termination, provided by an exponential horn. The results 
showed th a t anechoic term ination provided by the exponential horn 
changed measured values of the acoustic characteristics and also 
enhances the agreement between the measured and analytical values. 
The effect of source impedance on the insertion-loss and noise 
reduction was studied using two, one-end closed, straight ducts of 
different lengths as sources. The source impedance had a  definite 
effect on the insertion-loss and no effect on the noise reduction. 
Finally, the anechoic term ination was assumed on both  upstream  
and downstream sides of the expansion chamber. The insertion-loss 
was calculated for this hypothetical arrangement and was shown to 
be equal to the analytical transmission-loss.
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Chapter 1 
INTRODUCTION
1.1 Sum m ary
The intent of the research carried out was to study the effects 
of sound source and term ination acoustic impedance on the response 
characteristics of a HVAC duct element. It was done both 
analytically and experimentally using an expansion chamber as the 
duct element. Analytical modeling was accomplished using the 
transfer m atrix (or four pole param eters) method for both reflective 
and anechoic terminations. An experimental set-up was used to 
validate the analytical model.
The research was carried out in two stages. In the first stage, 
the analytical model was validated by verifying the analytical values 
of impedances against the known and measured results. In the 
second stage, the analytical model was used to predict the acoustic 
charactristics like the noise reduction and the insertion-loss of the 
expansion chamber in a duct system tha t terminates reflectively.
1
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The reflective term ination was provided by an open-ended, 
unflanged duct of finite length. Analytical results for the above case 
were compared with measured results. The insertion-loss and noise 
reduction were calculated for the expansion chamber with anechoic 
term ination provided by a finite exponential horn attached to the 
expansion chamber. The analytical results were checked against the 
measured results. Finally, the influence of source impedance on the 
noise reduction and insertion-loss of expansion chamber was studied 
with two ducts of different lengths providing the source impedance. 
The transmission-loss of the expansion chamber was calculated from 
the measured acoustic impedances at the inlet of the expansion 
chamber and the term ination impedances for both the terminations.
1.2 Introduction
In acoustics, the noise th a t is associated with fans, machinery 
and automobiles has been a problem that has not been tackled 
effectively and still needs to be studied in depth. Silencers, mufflers 
and filters are being used to solve this problem. Silencers and 
mufflers are acoustic elements or combination of acoustic elements 
tha t reduce the noise either through dissipation of sound energy or 
by reflecting part or all of the sound energy back towards the sound 
source. Dissipative silencers th a t control noise through energy losses 
are lined on one or both sides of the walls with sound absorbing 
m aterial that absorbs sound by converting it into heat. Reactive
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mufflers, on the other hand, reflect sound energy towards the source. 
They do not have a lining of dissipative sound-absorbing m aterial on 
the side walls. Because of impedance mismatch introduced by 
sudden area changes in ducts, side branches and other filter 
elements, part of the sound energy at certain frequencies is reflected 
back towards the sound source. Since these filter elements can reflect 
sound of narrow bands of frequency efficiently, they are used for 
discrete frequency noise reduction. An expansion chamber, a finite 
length of duct of larger area attached to a duct of smaller area, is 
one the of reactive acoustic elements and works like a band-pass 
filter. It is an acoustic element tha t is used for noise reduction in 
silencers for ventilation and air-conditioning duct systems and in 
automotive mufflers.
The performance of any acoustic element depends on the 
environment in which it is to be used. The acoustic characteristics of 
the element are affected by the source impedance and the acoustic 
impedance characteristics downstream of the element. One of the 
main param eters downstream of the acoustic element is the 
term ination of the duct system. Ducts tha t extend to very long 
distances or have characteristic impedance at any point inside the 
duct will have only progressive waves. But if the duct section after 
the acoustic element is a finite length of duct open to air, the sound 
energy in the lower frequencies is reflected back. The amount of 
sound energy reflected depends on the conditions at the open end, 
ie., on whether it is infinitely flanged or unflanged. And since there
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is a reflective duct element in their path, the reflected waves are 
reflected back and forth between the muffler and open end. Thus, 
standing waves can result in ducts with reflective termination. Since 
all of the analytical models are based on a single reflection at the 
termination, they show a deviation from the experimental results. 
But when an anechoic term ination is provided, the effect is to nullify 
or reduce the reflected waves. Due to this, the analytical and 
experimental results m atch better than  with a reflective termination. 
In this thesis, an effort was made to study this phenomenon and it 
was found th a t the acoustic performance characteristics calculated 
analytically show a better agreement with measured values when an 
anechoic term ination is provided, than with a reflective term ination.
The sound source in a duct also plays an im portant role in the 
characteristics of acoustic elements. The effect of source impedance 
on the noise reduction, insertion-loss and transmission-loss was 
studied using two different lengths of duct on source side. 
Transmission-loss was calculated from the values of reflection 
coefficients measured at the inlet and duct termination. These 
results for both  a  short duct and a long duct as source impedance 
were compared with the measured results.
1.2.1 Background
The phenomenon of reflective term ination has been studied by 
many investigators so far and literature in this area is abundant. 
Levine and Schwinger [1] in their classic paper on radiation
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impedance for an unflanged open duct end, analyzed the problem 
using integral equations and found the equations for reflection 
coefficient and end correction for an unflanged open-ended duct. 
Prom these equations, the expressions for radiation impedance for 
low frequencies was found to be :
k2
Z r =  ZQ(—  +  j  0.6 ka) (1)
In the above equation, k is the wave number, a is the radius of the 
duct, and Z q is the characteristic impedance of air (415 MKS rayls). 
The above equation is valid for high frequencies, with not more than 
5% of error. Prom this equation it is evident th a t at low frequencies 
the resistance (the real part of impedance) is negligible and 
impedance is dominated by reactance (the imaginary part of the 
impedance). Thus, much of the sound energy in lower frequncies is 
reflected back towards the source.
Horns of different shapes are used as acoustical transformers 
th a t match the impedance of an open-ended duct with the 
characteristic impedance of air. This results in most of the sound 
energy in the lower frequency range being radiated from the end of 
the duct. Horns can be of catenoidal, exponential, conical or of 
other profile where area gradually changes with length. Webster [2] 
studied the phenomena of waves in ducts with continuously varying 
areas and proposed an one-dimensional plane wave equation for 
propagation of waves in horns, which is well known as the 
”W ebster’s equation” . Infinite exponential horn can radiate all the
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sound energy from a duct. But finite length horns reflect some of the 
energy, as given by Morse[3]. But above the cutoff frequency all the 
sound energy is radiated out of the duct. Below the cutoff frequency 
there can be some reflections and the disagreement in lower 
frequencies between analytical and measured results is due to these 
reflections. The equation to calculate throat impedance of the horn 
is given by Beranek[4].
Acoustic impedance a t a point in the duct is the ratio of 
acoustic presssure divided by volume velocity. This depends on the 
amount of waves reflected a t the term ination or at a discontinuity. 
Of these two quantities pressure can be measured readily at any 
point. But it is difficult to measure volume velocity, as it is a vector 
quantity. Acoustic impedance thus needs a complex measurement 
method. It can be measured using standing wave methods, 
measuring the maxima and minima of the standing wave pressure of 
a pure tone in an impedance tube with a  traversing microphone 
probe. This was developed by Beranek[5] and refined by Munzal and 
K athuria [6]. This procedure has been accepted by the American 
Society for Testing M aterials (ASTM) as a standard procedure [7]. 
But this procedure is extremely time consuming as it involves 
measuring a series of m axima and minima for each pure tone and 
repeating this for the entire frequency range of interest. Another 
practical problem of significance is the difficulty in measuring the 
locations of minima accurately. Investigations have shown that even 
a slight error in locating minima can cause large variations in
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impedance.
Another m ethod of accurately measuring volume velocity that 
is almost error free is by using laser-Doppler anemometry. This was 
developed by Taylor [8] and Davis [9]. Though this gives absolute 
measurement of the acoustic impedance, the cost of the equipment is 
prohibitive.
In areas where the accuracy of the measurements is not very 
critical, a sufficiently accurate but less expensive m ethod called the 
two-microphone m ethod can be used. This m ethod approxiamtes the 
particle velocity by using the finite difference approximation of 
pressure gradient between two points in the duct. For 
one-dimensional wave transmission in a duct, pressures at two points 
are measured using microphones, and particle velocity is given by:
?! -  .1  = JL fc1 ~ r2)
dt pc dx  pc A x  
where p\ and p2 are the pressures at two points and A x  is the
distance between points. This m ethod can be used to measure
complex reflection coefficient, acoustic impedance of a duct
term ination as studied by Seybert [10] and Chung and Blaser [11].
The results of this m ethod are in good agreement with other
methods. So this m ethod is used to measure the acoustic impedance
of a point in the duct system.
Electrical analogies are im portant tools in analytical modeling 
of acoustical elements. In this sound pressure is analogous to voltage 
and volume velocity to electric current. In electrical networks a 
m ethod called ” transfer m atrix m ethod ” or ” four-pole parameters
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m ethod ” can be used to model complex networks. This transfer 
m atrix relates voltage and electrical current a t one point to voltage 
and current at another point of the network [12]. Igarashi and Miwa 
[13] studied the electrical analogies of acoustical elements in detail. 
This m ethod can be applied to acoustics to model complex acoustics 
elements. A good description of using this m ethod is explained by 
Munzal [14]. Transfer m atrices for various elements have been put 
together in the form of a handbook by Patrick [15], which is very 
useful in the analytical modeling of acoustic elements.
Chapter 2 
THEORY
The theoretical development of both analytical and 
experimental models is discussed in this chapter. A simple circular 
duct system with rigid walls and without mean flow was used in the 
model. The effects of term ination and source impedance on the 
acoustic characteristics of an expansion chamber was studied in the 
plane wave region. An analytical model using electrical analogies 
and transfer matrices was developed for the simple duct system 
mentioned above. It was developed only for the plane wave region. 
Higher order modes present in the duct, if any, are dam pened and 
decay exponentially. An experimental model was developed using a 
two-microphone method for measurement of acoustical impedance. 
Analytical results for acoustic impedance were verified against the 
measured results. The insertion-loss and noise reduction were 
calculated using appropriate analytical models and were verified 
using measured results. The transmisson-loss was calculated 
analytically from the transfer matrices and the analytical
9
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insertion-loss calculated assuming anechoic terminations on 
upstream  and downstream sides was compared to it. The 
two-microphone method was used to measure the reflection 
coefficients and total pressures on both sides.
2.1 Sound transm ission in ducts
The generalized, linear, three-dimensional wave equation for 
sound in a stationary medium in rigid walled ducts, neglecting 
visco-thermal losses, is given by :
§ = c2 v2p <»>
where p is the sound pressure ie., difference between instantaneous 
pressure and mean ambient pressure inside the duct, V 2 is the 
Laplacian operator and c is the speed of sound in air.
For a Cartesian, three-dimensional coordinate system, the 
above equation becomes :
=  C2($Z +&1 + &Z) (4)
at2 dx2 dy2 d z 2> ’
Considering one-dimensional waves only, the variation of pressure in 
the other two directions is zero. Therefore, the wave front with equal
pressure at all points is a  plane, perpendicular to the direction of
wave propagation. The one-dimensional plane wave equation is 
given by :
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X x =
Figure 1: Reflection of sound waves due to termination
One of the solutions for the above equation is given by :
p(x,  t ) =  Pi ~  k x ) +  pr +  k x ) (6)
where pi — kx) . . .  the positive traveling wave and
p r e-j k x ) . . . the negative traveling wave
At the duct term ination, the positive traveling wave or incident 
wave is reflected and the reflected wave will have an am plitude equal 
to p r and a phase difference of 6 with the incident wave as in Figure 
1. The reflected wave is given by :
Pr — p r ei® (7)
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Particle velocity is the velocity of particles of the medium 
associated with the sound wave propagation only. Particle velocity 
and sound pressure at a point are related to the characteristic 
impedance of the medium pc in the following way :
PC =  £  (8)
u
where p is the mean density of the medium, c is the speed of sound 
in tha t medium, u is the particle velocity and p is the sound 
pressure due to sound wave. Thus the particle velocity of incident 
wave is given by :
r>+ v). J {u > t- kx)
u + =  P_ = M --------  (9)
pc pc
Similarly the velocity of a reflected wave is given by :
n ~  — n  e j ( u t + k x )u .  =  P _  =    (1Q)
pc pc
Since only linear behavior of the sound waves is considered, 
the particle velocity at a point due to both waves, a t any point is 
given by :
n . p j ( u t - k x )  _  p j(uit+kx)
i ( x , t )  = ^ -------  (11)
pc
The acoustic impedance, which is the ratio of sound pressure 
divided by volume velocity (a product of cross-sectional area of the 
duct(S) and particle velocity(u)) is given by :
7 ( r  =  PC Pi  ej(0Jt~kX) +  Pr  n 9 v
’ u(x, t )S  S  Pi  eiM-fcz) -  p r e-7'M+M ' '
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The above equation for standing waves becomes :
7(rA -  pc Pi e ~jkX +  Pr eikX r m
^  S  pi e~ikx -  pr eikx  ^ ^
For the acoustical impedance at the term ination where x =  0, 
the above equation simplifies to :
Zt =  Pi +  Pr = (14)
P i —  P r  1 — r  v J
where T is the complex reflection coefficient, Te^e
If = r  = —
1 Pi'
9 = phase difference between incident and reflected waves
W hen the duct is open-ended and unflanged, the analytical reflection
coefficient for the plane wave region with the end of the duct chosen
as a reference plane is given by Levine and Schwinger [1].
f  =  |i?| e2jkl (15)
where
la _ ~~r \ - 2 ka  i ( - M x ) )  1
w  exp[ T J0 I Nl(x) I x J ( k a f  -  z*
Ji(x)  =  Bessel function of first order
N\(x)  = Bessel function of second order (or) Neumann function
The value of ‘ 1 ’ in the above expression is the end-correction that is 
added to compensate for the impedance mismatch at the end of the
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duct. It is given by :
I
a
1 yibalog KJl(x) \ jJi{xf +  Ni{x)‘ 
■7r Jo x ^ ( k a )2 — x 2
dx ( 16)
1 fOO
+  * l  lo g [27I ( x ) i i r 1(x ) J xyj(ka)2 +  x 2
da:
ii(a:) =  Modified Bessel function of first order
iiri(a:) =  Modified Bessel function of second order
This equation for radiation impedance of an unhanged duct can be 
simplified for lower frequencies with not more than 5 % error. The 
simplified approximation is given as :
k2a2
Z r = Zo(— + j0.6ka)  (17)
where Z q is the characteristic acoustic impedance of the duct, k is 
the wave number and a is the radius of the duct in meters.
2.2 E lectrical analogies
For years now, methods to  model linear systems like transfer 
functions, Laplace transforms and transfer matrices have been used 
to solve linear electrical networks. These methods are used to solve 
for voltage, electrical current, impedance and other variables when
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the relation between them  is linear. Acoustical systems also have a 
force-like variable, acoustic pressure and a motion variable, volume 
velocity, similar to electrical systems with voltage and current. Also 
the relations th a t govern acoustical systems are very similar to those 
of electrical systems. So, analogies between electrical and acoustical 
systems in the frequency domain have been developed which are 
very useful tools in analytical modeling of duct systems. There are 
two models of analogies: mobility and impedance models. In the 
mobility model, sound pressure is analogous to electrical current and 
volume velocity is analogous to voltage of the electrical system. In 
the impedance model sound pressure is analogous to voltage and 
volume velocity to electrical current. Admittance of the mobility 
model is the inverse of impedance of the impedance model. Thus, 
these electrical analogies of an acoustical system represent the T and 
II circuits of the analogous electrical system. The impedance model 
is used, as the duct system can be modeled easily as impedances in 
series.
2.2.1 Lumped parameter model
W hen the dimension of the duct in the direction of wave 
propagation is small compared to the wave length of the sound 
wave, the entire medium inside the duct acts as a single unit since 
the time lag between two points is very small. Hence, the acoustic 
properties of the medium, like sound pressure and particle velocity, 
remain constant in the entire mass of medium inside the duct. That
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is, they will not change with the spatial coordinates. In this case, 
the duct can be modeled as a lumped param eter electrical 
component. A small duct can be modeled as a lumped inductance, 
and an enclosed volume is represented by a lumped capacitance.
The lum ped element behavior of ducts gives an insight into 
acoustical behavior of very small elements. When a small duct is 
sandwiched between two large areas like an orfice plate in a duct, it 
can be modeled by a lumped inductance whose impedance is given 
by :
Zsmall duct =  (18)
where I is the sum of end corrections on both  sides, cu is the 
frequency and S  is the area of the duct. On the other hand, if an 
acoustically small duct is sandwiched between two still smaller ducts 
as in a small duct system with a small expansion chamber in it, it 
can be modeled as a lumped param eter capacitance. The impedance 
of above element is given by :
( c2 \
Zvolume =  ( j u i V  J (1^ )
where c is the speed of sound and V  is the volume of the duct 
sandwiched between other two ducts. But lumped param eter model 
of duct system is not valid for most of the duct systems since they 
are long enough to allow for wave propagation in them  and the 
acoustic variables change with distance in the direction of 
propagation of waves.
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2.2.2 Transmission-line model
A long duct in which sound waves propagate is modeled using 
the transmission-line model of electrical networks. Mason [15] 
extended the lumped param eter model by including wave motion 
occuring in individual elements, thus perm itting the use of electrical 
analogies to higher frequencies. The four-pole param eters theory 
was developed from this analogy. These, when put in a m atrix form 
are called transfer, or tranmission matrices.
Transfer m atrices
A linear mechanical system can be modeled as an n-terminal 
black box th a t can relate the input variables to output variables.
The imposed force like variables can be related to system responses 
in the frequency domain by the following equation :
F ( uj) = [Z(uj)} R(u0 (20)
where F{lj) is the imposed force-like variable vector at n points, 
R(co) is the vector of system responses, like displacements or 
velocities a t n points , uj is the frequency and Z(tu) is the impedance 
matrix.
The same thing can be expressed in another way as,
R{u) =  p » ] f V )  (21)
where Y (u )  is the adm ittance m atrix, inverse of impedance matrix. 
The principle of reciprocity holds for the above relations, as the
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product of force-like variable and displacement gives the work done. 
Thus, both the adm ittance and impedance matrices are symmetric, 
i.e., their determinant is 1. The components of the system can be 
modeled separately and the total response of the system can be 
obtained by superposing the individual responses.
When expression relates the force-like variable and system 
response at one point to the same physical quantities at another 
point, the m atrix is called a transmission or transfer matrix.
Transfer matrices in an acoustical system relate the force-like 
variable, sound pressure, and system response, volume velocity, at 
one point to same variables at another point in the duct.
(22)
where p\ , U\ are sound pressure and volume velocity at point 1 and 
P2 , U2 are sound pressure and volume velocity at point 2. The 
transfer m atrix is given by :
a  b
P i/ a  b i
• > 
P2
£
c d U 2 .
[T\ =
c d
(23)
The elements of the m atrix T are called the four-pole 
parameters. The physical significance of these four-pole parameters 
can be explained as follows :
a  = P i
P 2
c =
P2
u2= 0
*72= 0
6 =  ? !
P2
~  U2
P 2 = 0
P 2 = 0
(24)
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a is the ratio of the pressures at two points when the end at point 2 
is rigidly fixed i.e., acoustic impedance at term ination Z t is oo and 
the volume velocity is zero at th a t point, b is the ratio of pressure at 
point 1 to the volume velocity at point 2 when the end at point 2 is 
totally free i.e., anechoic. c is the ratio of volume velocity at point 1 
and pressure at point 2 when the volume velocity at point 2 is zero. 
Finally d is the ratio of volume velocities when the termination at 
point 2 is totally free.
The transfer m atrix for a  duct of finite length is given by :
cos kl j  j^sin kl 
j  — sin kl cos klJ pc
It can be seen tha t the above transfer m atrix follows the reciprocity 
principle. The transfer m atrix for a finite exponential horn is given 
b y :
eLT(coshk'L — y s in h  k'L) j e LT(^^rs in h  k'L)
j e LT ^ ^ s i n h  k'L eLT^ (c o sh  k L  +  y s in h  k ‘L )
(26)
where k' = y/T2 — k2 and the T  is given by, =  e2LT. The 
transfer m atrix for a discontinuity in area is given by :
4
to ,--
--
'
u 2
(25)
[T] =
[T] =
1 jcjL  
0 1
where L is the K aral’s correction factor [16], given by :
*PL =
37r2b ^  Ic
(27)
(28)
CHAPTER 2. THEORY 20
where b is the radius of the duct, c is the radius of the expansion 
chamber and is the K aral’s function tha t accounts for the
impedance mismatch introduced by the higher modes tha t exist only 
in the vicinity of the area discontinuity. The calculation of K aral’s 
correction factor for the expansion chamber is given in Appendix A.
W hen there are more than one element in series in the duct 
system, the equivalent transfer m atrix is obtained by multiplying all 
the transfer matrices of the individual elements. If the elements are 
in parallel then the adm ittance matrices are summed up to obtain 
the equivalent m atrix  for the system. The equivalent matrices for 
elements in series and parallel are given by :
[T]e, =  [T1][T2][T3].....  (29)
\Y]eq =  FTl] +  {Y2} +  [F3] .... (30)
The expansion chamber is a large area duct sandwiched 
between ducts of smaller areas on both sides as shown in Figure 2. 
The equivalent transfer m atrix for an expansion chamber is obtained 
from the above m ethod as,
[ T ] „  =  [ T 1 ] [ T 2 ]  [ T 3 ] [ T 4 ] [ T 5 ]  (31)
where T1 is the transfer m atrix of the side duct on the downstream 
side of the expansion chamber, T2 of the sudden area change using 
K aral’s correction factor, T3 of the expansion chamber, T4 of the 
sudden area change using K aral’s correction factor and T5 is the
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m atrix of the side duct on the upstream  side of the expansion 
chamber. When the dimensions of the side ducts are equal, then T1 
and T5 are equal and T2 and T4 are equal. The individual matrices 
of the elements and the equivalent m atrix of the expansion chamber 
used are given in Appendix A.
Using the above defined transfer matrices the acoustic 
impedance of a  duct system can be calculated. These transfer 
matrices can be used to calculate the acoustic characteristics of the 
elements like acoustic impedance, noise reduction, insertion-loss and 
transmission-loss of the duct system.
2.2.3 Noise reduction
The noise reduction is the difference in sound pressure levels at 
two arbitrarily selected points before and after the acoustic element 
[17]. This measures the decrease in the sound pressure in the system 
due to the presence of acoustic element.
N R  = L Pl -  L P2 (32)
Pi=  20 log
P2
The sound pressures p\ and p 2 are the sound pressures at point 1, 
before the expansion chamber, and point 2, after the expansion 
chamber. The noise reduction does not require anechoic term ination 
as in the transmission-loss. There is no source impedance involved 
like in the insertion-loss.
The noise reduction due to an acoustic element can be
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calculated from :
J  C i Z j  +  D i  I 
A 2 Zt + jBy 
.7 Ci_^« +  D\  1 
A i +  j  B\  h
(33)
where Zt is the term ination impedance
Z\  is the impedance of all the elements downstream of point 1
Z 2 is the impedance of all the elements downstream of point 2
The four-pole param eters used in the above equation, A\, B\,  C\ D\ 
and A 2 , -S2 , C2 , D 2 are the four-pole parram eters of elements 
downstream of point 1 and point 2 respectively.
Insertion-loss
Insertion-loss is defined [17] as the difference in dB of the 
sound pressures at a point in the duct system when there is no filter 
and when there is a filter in the duct system upstream  of the point 
of measurement.
I L  =  20 log
P f
(34)
Using the four-pole param eters of the equivalent m atrix of the 
expansion chamber this can be expresssed as :
I L  =  20 log (35)
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Figure 2: Expansion chamber
where A, J5, C, D  are the four-pole param eters of the expansion 
chamber, A', B C \  D' are the four-pole param eters of the duct of 
length equal to the expansion chamber. Z t is the term ination 
impedance and Z s is the source impedance.
Transmission-loss
Transmission-loss [17] is ten times the logarithm of the inverse 
of the sound power transmission coefficient a t. The sound power 
transmission coefficent is defined as the ratio of transm itted sound 
power to the incident sound power a t the inlet of the acoustic
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element and is given by :
<*t =
W s t
\ p f S i (36)
where both Si and St are the areas of ducts on upstream and 
downstream sides of the expansion chamber respectively. When Si 
and St are equal, then transmission-loss is given by :
T L  =  20 log Pi.
P t
(37)
where p^ is the pressure of incident sound wave at the inlet of the 
expansion chamber and pf  is the pressure of the sound wave 
transm itted from the expansion chamber when the term ination is 
anechoic.
Prom the analytical model of the duct using transfer matrices, 
the transmission-loss for anechoic term ination is given by :
A  +  ^  +  Z siC  +  (§£) D
T L 20 log Zsi
Z S2
(38)
where Zsl and Z s2 are the characteristic impedances of the side 
ducts on the upstream  and downstream sides respectively and A, B , 
C, D  are the four-pole param eters of the expansion chamber.
2.3 Experim ental m odel
An experimental model of the duct system was set up to 
validate the analytical model used.
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The effect of multiple reflections due to reflective term ination 
was studied using an expansion chamber as the acoustic element in 
the duct system [Figure 4].
An exponential horn was used the for anechoic term ination 
[Figure 3]. The two-microphone m ethod was used to measure the 
acoustic impedance of the point of interest in the duct. These 
measured values were compared with analytical values.
2.3.1 Two-microphone method
In acoustics, the measurement of particle velocity poses a 
problem as the particle velocity is a vector quantity, unlike pressure 
which is a scalar, and the direction of the particle velocity is also 
needed to fully describe it. It is very difficult to measure direction of 
a vector quantity using direct methods. So the particle velocity is 
measured using indirect methods. Most popular among these 
methods is the two-microphone method, which uses two microphones 
to measure pressures at two fixed points of the duct in which sound 
propagates along the length of the duct only [Figure 5]. This method 
uses the finite-difference approximation of the pressure gradient.
When the perturbations of the sound in the medium are small, 
the propagation of sound falls within the region of linear acoustics. 
Usually this assumption is true for most of the situations 
encountered in real life. When this is true the higher order terms in 
the Euler’s equation [3] are neglected. So, the pressure force exerted 
on a mass of fluid within a control volume between two points is
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Figure 4: Expansion chamber with reflective termination
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Figure 5: Test set-up for two-microphone method
equal to mass times acceleration of the fluid in the control volume. 
When the higher order term s are neglected, the acceleration is given
g  = - I v p  (39)
Expressed as a finite difference, the right hand side of the expression 
for a one-dimensional sound wave transmission becomes :
d u  =  ~ 1 P 2 ~ P i  /4Qx
dt p dx  p A x  
where A x  is the distance between the fixed points where the
pressures are measured. Now applying the Fourier transform on
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both sides of the expressions :
I I  §  ^ d t = j t  &  e ~ iu ‘ ~ p l  d t (41)
The above equation leads to the following expression for Fourier 
transform of particle velocity given by :
u ( /)  =  { n { f )  ~  M f ) )  (42) 
Mean pressure between two points is given as :
p (/)  =  m  + W  (43)
Using these two expressions we can calculate the intensity, 
acoustic impedance and other acoustic properties. This m ethod is 
used for measurements where it is possible to measure pressures at 
points before and after the point of interest in a continuous sound 
field. But to measure the impedance of the termination, an efficient 
m ethod using the transfer function property of a linear acoustic 
system was used. This method, developed by Chung and Blaser[10] 
uses the transfer function between the pressures at two fixed points, 
considering one as input and another as output. A variation of this 
m ethod developed by William Daube[18] to measure the acoustic 
impedance and absorption of the acoustical material samples was 
used to measure the acoustic impedance of the termination.
The transfer function of any linear system in the frequency 
domain is defined as the ratio of output response to input signal in 
the frequency domain. Considering p 2 as input and p\ as output, 
where p\ and p2 are the pressures measured at two fixed points of
CHAPTER 2. THEORY 29
the duct shown in Figure 5, the transfer function between p\ and p2 
is given as :
H U )  -  g g  (44)
Now, the transfer function in terms of incident and reflected 
wave pressure is given in the following way. The acoustic pressure in 
frequency domain of a standing wave at any point in the duct is 
given as :
Px(f)  =  Pie~jkx +  prejkx (45)
The transfer function of these two pressures treating the pressure at 
point 1 as output and the pressure at point 2 as input can be 
expressed in terms of complex reflection coefficient, which is the 
ratio of the incident to reflected sound pressure. The transfer 
function is given as :
Pie~ikxl +  pr ejkxl
H U )  = p . e ~ j k x 2  _j_ p r Q, jkx2
(46)
e ~ j k x  1 _|_ p g j f c z l
g — j  k x 2 _|_ p  g  j  k x 2
In the above equation the T is the complex reflection coefficient 
which can be calculated from the following expressions :
f  — Treal +  j  F i ma g (47)
Frea/ —
2 H ( f )  cos (k (x l  +  x2)) — cos(2fca;l) — H 2( f )  cos (2 kx2)
Den
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(48)
^  _  H 2( f )  sin (2 kx2) — 2 H( f )  sin (k(xl  +  x2)) +  sin(2&:rl)
imag ”  Den
(49)
Den  =  14 - H 2(f )  — 2 H( f )  cos k(x2 — x l )  (50)
Also, the m agnitude and phase of the complex reflection coefficient 
is given as :
f  = |r| e^ (51)
|r| = J ( T 2r , a l  +  rL,») (52)
rr,-
(j) = tan - l imag (53). r*real -
From the complex reflection coefficient calculated above the 
impedance of the term ination is found from :
^  pcpi + pr pc 1 +  f
=  =  r  (5 4 )
The acoustic impedance of the termination of the duct is 
measured in this way, using the two-microphone method. Though 
the two-microphone m ethod is simple, efficient and accurate, it has 
certain lim itations tha t have to be kept in mind when it is used.
The most im portant error th a t is inherent to this m ethod is because 
of the finite-difference approximation this method uses in the place
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of a differential for pressure gradient. Using the finite-difference 
approximation, the pressure and pressure gradient at a point, in the 
middle of the two points where the pressures are measured, are given 
as :
-  * 4 *  (55)
d p m P2 ~  Pi
=  “ S T "  (5 6 )
From the above equations, it is evident th a t the 
finite-difference approximation of the pressure differential depends 
on the spacing A x  and the difference in pressures at the two points. 
There are three kinds of errors associated with the finite-difference 
approximation, namely, the instrum entation phase mismatch, high 
frequency error and microphone spacing error. If the spacing is very
small, the difference in pressures would be small. As the frequency is
lowered, this may approach the order of the accuracy of the 
microphone itself. If both  microphones do not have the same 
measurement characteristics the error in the pressure difference 
would be substantial. This is called the instrum entation phase 
mismatch. This can be avoided by using the transfer function 
between the microphones when they are exposed to the same sound 
pressure [Figure 6 ]. The transfer function is given by :
Pir r  P l U )£112 =
P2
i-<h) (5 7 )
p*U)
The phase m ismatch can be corrected by dividing the microphone 
pressures by the transfer function. This corrects any phase
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Figure 6: Set-up for calibrating the microphones
mismatch between the microphones. This problem can also be 
corrected by increasing the microphone spacing for low frequencies.
Another error caused by the microphone spacing is in the 
higher frequencies. As the frequency is increased, for a fixed 
microphone spacing, the pressure difference increases and it may not 
follow the finite-difference approximation in the higher frequencies. 
This can be overcome by decreasing the microphone spacing for 
higher frequencies. From the above two errors it is evident that the 
microphone spacing should be greater for the lower frequencies and 
smaller for the higher frequecies.
The two-microphone m ethod is not valid a t frequencies
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for which the microphone spacing is equal to the multiples of the 
half-wavelength. At these frequencies the pressures measured by the 
two microphones would be the same, with or without a change in 
the phase. The measurements should be made by changing the 
microphone spacing at these frequencies and the results should be 
combined with the results for other frequencies.
There are two errors associated with source and duct diameter, 
respectively. At a point close to the source the sound waves would 
be diverging. Thus they may not form plane waves. Above a certain 
frequency called “cutoff frequency ” , which depends on the diameter 
of the duct, higher order modes are excited in the duct. Since the 
two-microphone method is valid for plane wave mode only, it will not 
give satisfactory results for the above two cases. To avoid the above 
errors this m ethod should be used in the plane wave region only and 
the microphones should be located sufficiently far from the source.
2.3.2 Direct measurements
The noise reduction (NR) is the difference in dB of sound 
pressures before and after the acoustic element. The sound pressure 
at an arbitrary  point before the acoustic element is p\  and the sound 
pressure after the acoustic element is p2 . Both the pressures are 
measured simultaneously. The noise reduction due to the acoustic 
element is given by :
N R  — L Pl — Lp2 (58)
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=  20 log P i
Pi
The insertion-loss is defined as the difference in the 
sound pressure levels at a point when there is no filter and when 
there is a filter or a silencer upstream  of th a t point in a duct system.
I L  — LPn} L Pf
(59)
=  20 log P n f
P f
This can be obtained by measuring the the sound pressure at a 
point after the point of insertion of the filter. LPnf and LP} can be 
measured when it is without filter and with filter, respectively.
Chapter 3 
EXPERIMENTAL PROCEDURE
The experimental studies conducted are explained in this 
chapter. An experimental model of the duct system was setup and 
measurements of acoustic impedance were made using the two 
microphone method. The acoustic impedance of the term ination was 
calculated analytically using transfer matrices. These analytical 
values were verified, using the measured impedance. The acoustic 
performance of the expansion chamber was measured in the form of 
the noise reduction and insertion-loss. These measured values were 
compared with the analytical values. Another characteristic, the 
transmission-loss was measured using the transfer matrices.
3.1 E xperim ental setup
A duct model with an expansion chamber was setup to study 
the effects of termination.
35
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3.1.1 Wave tubes
The wave tube is a duct with ports to hold microphones at 
different points. This provides for the one dimensional sound 
transmission and facilitates the investigator to use the 
two-microphone method to measure acoustic characteristics. Three 
different wave tubes were used.
Wave tube-W
A rigid brass duct with an inner diam eter of 2 in. (50.80 mm) and of 
length of 60 in. (1524 mm) was used as the wave tube W. Many 
ports were provided for holding microphones at various positions, 
along the duct. The sound source was provided on one end of the 
duct, using a 1 in. diameter speaker. This duct was also used as 
source-1. The distances of the different microphone ports are given 
in the Figure 7. The dimensions and the distances of the various 
microphone ports are given below :
Length of the wave tube-W  =  60 in. (1524 mm)
Radius of the wave tube-W  =  1 in. (25.4 mm)
Distance of the microphone port-1 from the end =  x l 
=  3.35 in. (85.1 mm)
Distance of the microphone port-2 from the end =  x2 
=  4.32 in. (109.6 mm)
Distance of the microphone port-3 from the end =  x3 
=  6.34 in. (161 mm)
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Figure 7: The wave tubes and sources used
Distance of the microphone port-4 from the end =  x4 
=  9.41 in. (239 mm)
Distance of the microphone port-5 from the end =  x5 
=  14.96 in. (380 mm)
Distance of the microphone port-6 from the end =  x6 
=  27.13 in. (689 mm)
Distance of the microphone port-7 from the end =  x7 
=  30.83 in. (783 mm)
Wave tube-A
A rigid aluminum duct w ith an inner diameter of 2 in. (50.8 mm)
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and of length of 15.3 in. (388.5 mm) was used as the wave tube A. 
Three ports were provided for holding microphones at various 
positions, along the duct. For low frequencies the ports tha t are 
farther from each other were used. For higher frequencies, the ports 
tha t are close to each other, were used. The sound source was 
provided on one end of the duct, using a 1  in. diameter speaker. 
This duct was also used as source-2. The distances of the different 
microphone ports are given in the Figure 7. The dimensions and 
microphone port distances are given below :
Length of the Wave tube-A =  15.3 in. (388.5 mm)
Radius of the Wave tube-A =  1 in. (25.4 mm)
Distance of the microphone port-1 from the end =  x l 
=  3.31 in. (84.2 mm)
Distance of the microphone port-2 from the end =  x2 
=  4.26 in. (108.2 mm)
Distance of the microphone port-3 from the end =  x3 
=  11.8 in. (300 mm)
Wave tube-M
A rigid aluminum duct with an inner diam eter of 2 in. (50.8 mm) 
and of length of 12 in. (304.8 mm) was used as the wave tube M. 
Three ports were provided for holding microphones at various 
positions, along the duct. For low frequencies the ports tha t are 
faxther from each other were used. For higher frequencies, the ports 
th a t are close to each other, were used. The sound source was
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provided on one end of the duct, using a 1  in. diameter speaker.
The distances of the different microphone ports are given in the 
Figure 7. The dimensions and the distances of various microphone 
ports from the end are given below :
Length of the wave tube-M  =  12 in. (304.8 mm) 
radius of the wave tube-M  =  1  in. (25.4 mm)
Distance of the microphone port - 1  from the end =  x l 
=  1.024 in. (26 mm)
Distance of the microphone port-2 from the end =  x2 
=  4.29 in. (108.9 mm)
Distance of the microphone port-3 from the end =  x3 
=  7.32 in. (185.9 mm)
3.1.2 Expansion chamber
An expansion chamber with side ducts was fabricated using 
ducts with an inner diam eter of 2  inches as the side ducts and a duct 
of 7.81 in. inner diam eter as the expansion chamber.
The dimensions of the expansion chamber [Figure 8 ] are given
as :
Radius of the side ducts =  1 in. (25.4 mm)
Radius of the expansion chamber =  3.90 in. (99.2 mm)
Length of each of the side duct =  2.49 in. (633 mm)
Lenght of the expansion chamber =  10.31 in. (261.9 mm)
Total length of the expansion chamber =  15.3 in. (388.5 mm)
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Figure 8: Simple expansion chamber
Ratio of the expansion chamber area to the duct area 
=  15.3 : 1
Although the cut-off frequency for the above expansion 
chamber is 1010 Hz, the higher order modes did not contribute 
significantly to sound propagation until 2000 Hz. This is evident 
from the tests conducted. However beyond 2000 Hz, the higher 
modes significantly affected the sound transmisson and the 
agreement between the analytical and experimental values was 
observed to be poor. Thus, considering the above fact, the studies 
were done for a  frequency range of 40 - 2000 Hz.
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3.1.3 Exponential horn
A horn is an acoustic transformer th a t transforms a small area 
diaphragm into a large area diaphragm. A large area diaphragm has 
a  radiation impedance tha t is more nearly resistive over the desired 
frequency range than is the radiation impedance for a small area 
diaphragm. As a result, more power is radaited at low frequencies. 
Horns are designed for maximum am ount of acoustic power radiation 
with low non-linear distortion over the desired frequency range. For 
a horn to be a satisfactory transformer, its cross sectional area near 
the throat or smaller area end should increase gradually with length 
of the horn. For this case, the transformation ratio remain resonably 
constant with frequency over a wide range of frequencies. The 
gradual change in area can be achieved in a number of ways and 
hence a number of different longitudinal profiles of the horns like 
conical, parabolic, exponential and hyperbolic can be used.
One of the most typical horns th a t is the exponential horn.
The cross sectional area of the horn changes exponentially with the 
length of the horn. The cross sectional area at any point in the horn 
is given by,
S t  = S temx (60)
where S x is the cross sectional area at x, St is the area at the throat 
of the horn, m is the flare constant and x the distance from the 
throat.
The dimensions and other details of the exponential horn used
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[Figure 9] are given below :
Throat area = A f  = 2 in. X 2 in. =  0.0025806 m 2 
Mouth area =  A m  = 20 in. X 2 0  in. =  0.25806 m  2 
Length of the horn =  40 in. =  1.016 m 
Flare constant =  m =  1.38155 m - 1  
Cut-off frequency =  194 Hz
If the horn is a number of wave lengths long and the m outh 
circumference is larger than the wave length, it is called an infinite 
horn. The cut-off frequency is the frequency above which the horn 
acts as a good radiator and below which there will be very little
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radiation of sound from the horn. The maximum flare constant that 
is allowed for this cut-off frequency is 2.119 m _1. Since the actual 
flare constant of the horn is less than this, the sound waves inside 
the horn follow the horn profile.Though the cut-off frequency of the 
horn is 194 Hz, above 673 Hz the horn acts like an infinite horn. 
Between 200 Hz and 673 Hz, reflections from the m outh set up 
resonances and the radiation resistance and reactance fluctuate 
about the computed values for infinite horn.
3.1.4 Sources
To study the effect of the source impedance, two ducts of 
different lengths, with one end closed are used to provide two 
different source impedances. They are made from a 1 in. radius duct 
of aluminum. The dimensions are as given below :
Source-1
Length of the source - 1  =  60 in. (1524 mm)
Radius of the source- 1  =  1  in. (25.4 mm)
Source-2
Length of the source-2 =  15.3 in. (388.5 mm)
Radius of the source-2 =  1  in. (25.4 mm)
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3.2 Instrum entation
The acoustic instrum entation used in the measurements made 
is listed below.
3.2.1 Sound source
A speaker of 1 inch diameter was used along with a noise 
generator and amplifier as a sound source.
N oise generator
IVIE noise-generator MODEL IE - 20B was used to generate 
the pink noise used in the experiment. It was used with zero dB 
attenuation. It was energized using 110 V power.
Am plifier
A REALISTIC MPA-95 model P. A. Amplifier was used to 
amplify the noise signal. It was capable of giving up to 100 watts of 
power.
Speaker
A horn driver made by FANON of Japan was used. MODEL 
No. is DU-25. It has an output of 25 watts. The electrical 
impedance of the speaker is 16 ohms. The diameter of the 
diaphragm is 1  inch . The horn driver was attched to a 2 inch 
diameter brass duct using a conical connector.
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3.2.2 Microphones
Two microphones of ACO Co. Ltd., Japan of type 7046 were 
used . The open circuit sensitivity of the microphones is -16.8 dB re 
IV per pascal, at atmospheric pressure of 760 mm of Hg. They are 
of omni-directional type. NEUTRIK 9V power supply was used to 
energize the microphones.
3.2.3 Data acquisition and processing
WAVEPAK (Waveform Analysis Package), an integrated 
hardware and software package of Com putational System 
Incorporated was used to acquire and analyze the data measured by 
the two microphones. This software makes the IBM-PC work like a 
real-time analyzer, but with the flexibility of a PC. It can be used in 
“OSCOPE” mode to measure the time-wave forms of the variable or 
in “F F T ” mode to measure the variables in different frequency 
bands. WAVEPAK has two channel capability and can be used for 
dual channel measurements where both channels give the measured 
data at two points simultaneously, or in cross channel mode ( in 
FFT  mode only) , where in the variable measured by channel-X at 
one point is taken as input and the variable measured at another 
point by channel-Y is considered as output. It has the ability to give 
the measured values in direct units like volts, engineering units or 
dB, in density terms, like volts/Hz, EU /H z and dB/Hz. Similarly 
they can be expressed in term s of power like volts-squared,
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EU-squared or dB. Using WAVEPAK, such complex param eters as 
the transfer function, coherence and phase between the two signals 
can be measured.
3.3 A coustic im pedance m easurem ents
Acoustic Impedance at a point was measured using the 
two-microphone method. For the frequency domain response of the 
signals from the two microphones, the FFT  (Fast Fourier 
Transform) mode of the Wavepak was used. The cross channel 
capability of the Wavepak was used to measure the auto and cross 
power spectral densities of the signals from the two microphones. 
The transfer function between the signals and acoustic impedance 
were calculated using the theory mentioned earlier. There were some 
precautions to be taken when using the two-microphone method.
The microphone should not be very close to the source, as the near 
field effects may contaminate the sound pressure measurements. It 
should not be too close to the term ination either, as the end 
conditions may affect the measurements. In the lower frequencies 
the microphone spacing should be greater so tha t instrum entation 
phase m ismatch error is avoided or the two microphones should be 
subjected to the same sound pressure and the transfer function of 
these two signals should be used to correct the error. Acoustic 
impedance with different elements and terminations were measured 
and checked with analytical results.
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3.3.1 Radiation impedance
Radiation Impedance of an open end of a duct is the cause for 
the impedance mismatch tha t exists between the free field and a 
point inside the duct and causes the reflections to take place in the 
lower frequencies. The radiation impedance for a duct with a small 
flange was investigated by Levine and Schwinger. This analytical 
expression was used to calculate the analytical values of radiation 
impedance and these values were verified with the measurements 
made. The wave tube-W  was used as the duct with unflanger open 
end. The microphones ports 1-5 were used for low frequencies and 
ports 1 - 2  were used for high frequencies to minimize the error in 
measuring the radiation impedance. The results of the two 
measurements were merged at 280 Hz.
3.3.2 Horn throat impedance
Horn th roat impedance is the impedance of the exponential 
horn looking down the horn. Above the cut-off frequency of 194 Hz, 
there will be a  substantial amount of sound being radiated out of 
horn and horn throat impedance is mainly resistive. Theoretically, 
below this cut-off frequency there will not be any radiation of sound 
from the horn. But in reality, there will be a small amount of sound 
radiated from the horn. Above 673 Hz, the horn acts like a infinite 
hori radiating all the sound enenrgy incident at throat. At these 
frequencies the reactance of the horn goes to zero and the
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impedance is purely resistive.
Horn throat impedance was measured by attaching the 
exponential horn to the open end of the wave tube and measuring 
the term ination impedance. The wave tube-W  was used as the wave 
tube. For low frequencies, ports 1-5 and for high frequencies ports 
1-2 were used. The horn throat impedance was calculated 
analytically using the transfer m atrix. Measured and analytical 
values were compared.
3.3.3 Acoustic impedance of a finite length duct
A duct of radius 1 in. and length of 15.3 in. (source-2) was 
used to find out the impedance at a point 15.3 in. far from the open 
end. The analytical expression for acoustic impedance using transfer 
matrices is given by,
1  =  Zo +  j ??ta n k ‘ (61)
Z q +  j  Z i  tan kl
where Z q is the characteristic impedance of the duct
Z l is the load or term ination impedance
I is the length of the duct =  0.3885124 m
Using the above expression, the values for acoustic impedance at 
different frequencies were calculated. Acoustic impedance was 
measured using the two-microphone method. The wave tube-W  was 
used with port settings mentioned earlier.
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The effect of anechoic term ination on the acoustic impedance 
of this finite length was studied by attaching the exponential horn to 
the finite length duct, source-2. Using the horn throat impedance in 
the place of Z l , analytical values of impedance at a point 0.3885124 
m from the anechoic term ination were calculated. Acoustic 
impedance was measured using the two-microphone method.
3.3.4 Expansion chamber with a finite length of duct
The expansion chamber with a finite length duct (source-1) 
attached was used to measure the acoustic impedance at the end of 
the wave tube-W  or the begining of the side duct of the expansion 
chamber on the upstream  side. The same port settings mentioned 
earlier, were used. Analytical values were calculated using the 
transfer m atrices method and were verified using the measured 
values. The values in the frequency range of 40 Hz to 2000 Hz were 
considered. The impedance was measured with both reflective and 
anechoic terminations.
3.3.5 Source impedance
The source impedance is the characteristic of the source. It 
plays a significant role in the insertion-loss. Usually the source 
impedance is assumed before hand and the insertion-loss is 
calculated depending on tha t assumed value. In this thesis, the 
source impedance for two different sources was measured and was 
used in calculations involving these sources.
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The measurement of the impedance of these sources was done 
by attaching sound source to the wave tube-M and attaching the 
source- 1  or source-2 to wave tube-M. The other end of 
source-1 /source-2 was closed using the rigid aluminum plates. The 
two-microphone method with wave tube-M  was used to measure the 
source impedance of source-l/source-2. This impedance is the 
impedance looking into the source-l/source-2. Microphone ports 2-3 
were used.
3.4 A coustic perform ance characteristics
The acoustic performance of a filter or silencer is given by the 
noise reduction, the insertion-loss or the transimission-loss. Noise 
reduction is the easiest of all to measure. This is defined as the 
difference in the sound pressure levels a t two arbitrary points one 
before and another after the element in the duct system. This is not 
a function of the source impedance, but is affected by the 
term ination condition. The effects of different terminations on this 
characteristic were studied. The insertion-loss is also easy to 
measure and gives an indication of the acoustic performance of a 
filter in a duct system. When calculating or measuring the 
insertion-loss, source impedance on the upstream  side and the 
termination impedance on the downstream side of the filter must be 
considered. Since both source and term ination impedances are 
system dependent, insertion-loss changes from system to system for
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the same filter. The transmission-loss, on the other hand, is 
dependent on the term ination impedance. It is the difference 
between the incident sound power level and the transm itted sound 
power level of an acoustic element.
3.4.1 Noise reduction
The noise reduction can be obtained by measuring the to tal 
sound pressure at two points in the duct. The wave tube-W  (also 
source-1 ) was used to measure the pressure on the upstream side 
and wave tube-M  was used to measure the pressure on the 
downstream side. The microphones ports tha t were close to the 
expanion chamber on both sides (port- 1  on wave tube-W  and port - 1  
on wave tube-M) were used to measure the sound pressure levels. 
Both the sound pressure levels were measured simultaneously 
[Figure 10]. Thus, the noise reduction indicates the amount of that 
is reflected at the inlet of the expansion chamber. The noise 
reduction is calculated using the expression :
N R  = L n  -  LP2 (62)
on ir\rr R e (P^
'  g l° iJ e f e )
The noise reduction was measured for both reflective and anechoic 
terminations [Figures 10 and 1 1  ]. The analytical noise reduction 
was calculated from acoustic impedance values at the points of 
measurement of pressures. These acoustic impedances were 
calculated either using the transfer matrices or from the earlier
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s o u r c e - l / s c u r c e - 2  w a v e  " t u b e - M
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Figure 10: The experimental set-up to measure the noise reduction with reflective 
termination
w a v e  t u b e - Ms o u r c e - l / s o u r c e - 2
f— 0 . 3 0 4 8
—  x l x 3  —
o r  t  2 -
Figure 11: The experimental set-up to measure the noise reduction with anechoic 
termination
CHAPTER 3. EXPERIMENTAL PROCEDURE 53
measurements. Both the analytical results were compared to the 
measured values of the noise reduction.
To confirm that the source impedance does not have any effect 
on the noise reduction, the wave tube-W  was replaced by wave 
tube-A (also source-2 ) and noise reduction was measured. It was 
calculated analytically in the similar way and the measured and 
calculated results were compared.
3.4.2 Insertion-loss
Insertion-loss of an acoustic element is given by :
IL  =  201og10^ -  (63)
Pf
where pnf  is the sound pressure at a point without filter in the system 
Pf is the sound pressure at a point with filter in the system
The point of measurement is downstream of the point where the 
filter was inserted. To measure the sound pressure P n f ,  a duct of 
length equal to the length of the expansion chamber was attached to 
the wave tube and at a predetermined point after the duct, the 
sound pressure was measured. And to measure the sound pressure 
p j  an expansion chamber was attached to the wave tube-W, and the 
pressure at the same point as before was measured. The 
insertion-loss of expansion chamber with both reflective and 
anechoic terminations were measured. The analytical Insertion-loss 
were calculated using the transfer matrices.
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To study the effect of source impedance, the insertion-loss of 
expansion chamber with another source (source-2 ) were measured. 
The analytical insertion-loss values were calculated using the 
transfer matrices and the measured source impedance for source-2 . 
The anaytical and measured results were compared. The effects of 
source impedance were studied using the insertion-loss measured 
with two different sources.
3.4.3 Transmission-loss
The transmission-loss is the difference in sound power levels of 
the incident and transm itted sound waves. For a plane wave 
propagating in a duct, this is given by,
T L  = 201oglo — (64)
P t
where p is the sound pressure of the incident sound wave and pf  is 
the sound pressure of the sound wave transm itted out of the acoustic 
element. Because it is difficult to correctly measure, the 
transmission-loss was not measured. It was calculated using the 
transfer matrices discussed earlier.
Chapter 4 
RESULTS
4.1 Introduction
The acoustic response characteristics of an expansion chamber 
in a duct system were studied for different terminations. The 
acoustic impedances at a point, due to the different acoustic 
elements downstream having either anechoic term ination or 
reflective termination, were measured. Both analytical and 
experimental values of acoustic impedance were presented. The 
noise reduction and the insertion-loss measurements were presented 
for both anechoic and reflective terminations. The analytical results 
of the transmission-loss of the expansion chamber were compared 
with the the calculated insertion-loss with assumed anechoic 
terminations on source and downstream sides. The effects of source 
impedance on the insertion-loss were presented examining two 
different lengths of closed end ducts (source- 1  and source-2 ) on the 
source side of the duct system and with different types of
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terminations on the downstream side of the expansion chamber.
4.2 R esults
The results of both  analytical and experimental studies were 
presented in the form of plots.
4.2.1 Acoustic impedance
The acoustic impedance, the ratio of the acoustic pressure 
divided by the acoustic volume velocity, was measured using the 
two-microphone method.
Radiation im pedance
Radiation Impedance tha t exists a t the end of an open ended 
duct is due to the impedance mismatch between the point inside the 
duct and the point outside. Analytical and experimental values of 
magnitude and phase of acoustic radiation impedance of an 
unflanged rigid duct of 1  in. radius are given in Figures 12 and 13 .
Figure 12 shows the magnitude of acoustic impedance. It is 
expressed as the ratio of the acoustic radiation impedance divided 
by the acoustic characteristic impedance of the duct on a log10 scale. 
The agreement between the analytical and experimental results are 
fairly good for frequencies up to 4000 Hz. The value is well below 1  
for low frequencies and increases with the increase in the frequecy.
In the lower frequencies, the magnitude of the radiation impedance
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Figure 12: Magnitude of radiation impedance
Radiation Impedance of a c ircu la r  d u c t  
of 1 in. rad ius
200
150 Measured
Analytical
100
50
0
- 5 0
- 1 0 0
-1 5 0
-2 0 0
1000 30002000 4000
Frequency Hz
Figure 13: Phase of radiation impedance
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is low, because of the very small value of radiation resistance. The 
impedance is mainly due to the radiation reactance. This explains 
the large amount of sound reflections tha t take place in these 
frequencies. In the frequencies above 2000 Hz., the impedance is 
almost equal to the characteristic impedance indicating very little or 
no reflection of sound energy in these frequencies.The first cross 
mode occrurs at 3945 Hz and above this lim it the two-microphone 
m ethod is not accurate. This is evident from the rapid fluctuations 
in the value of impedance above this frequency. The phase of the 
impedance is plotted in Figure 13.
Horn throat im pedance
Horn throat impedance which is due to the air loading of the 
horn was obtained for the finite exponential horn using analytical 
and experimental methods. A FORTRAN program [Appendix B] 
was used to calculate the analytical values. The results are presented 
in Figures 14 and 15 . The magnitude of the impedance is expressed 
as the ratio of horn throat impedance and the characteristic acoustic 
impedance of the duct on a log10 scale. The agreement between the 
analytical and measured results are fairly good at frequencies up to 
4000 Hz. Except at low frequencies, the ratio of impedances is about 
1  indicating no reflections from the termination in these frequencies.
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Figure 14: Magnitude of horn throat impedance
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Figure 15: Phase of horn throat impedance
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Finite length duct
The acoustic impedance due to an unflanged duct of finite 
length term inating either reflectively or anechoically was studied. 
The dimensions of the finite length duct are given as :
Length of the duct =  15.3 in. (388.5 mm)
Radius of the duct =  1  in. (25.4 m m )
The analytical values of the impedance a t the begining of finite 
length duct were calculated using the transfer matrices. The 
impedance was measured using the two-microphone method.
Both analytical and measured values were plotted against 
frequency in Figures 16 and 17 for reflective termination. In Figure 
16, the analytical values of the magnitude of impedance of the finite 
length duct with open end are presented as the ratio of acoustic 
impedance at the point measured divided by the characteristic 
acoustic impedance of the duct in log10 scale. The analytical results 
of the Figure 16 show fairly good agreement with the measured 
results. The taller peaks in the lower frequencies indicate the large 
amount of sound energy th a t is being reflected a t the termination. 
W ith the increase in frequency lesser amount of sound is reflected 
and hence smaller peaks in higher frequencies. The peaks show a 
periodicity with the difference in the frequency between two 
adjacent peaks being approximately 430 Hz. This corresponds to the 
fundamental resonant frequency (half-wave frequency) of a finite 
duct of length 388.5 mm, open at both ends, one end to the air and
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Figure 16: Magnitude of acoustic impedance of an unflanged open ended duct of 
finite length
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Figure 17: Phase of acoustic impedance of an unflanged open ended duct of finite 
length
CHAPTER 4. RESULTS 62
the other to the duct of same cross sectional area. The fundamental 
resonant frequency for the above duct is given by :
fn =  2 (L +  A L)
where C  is the sound speed in air =  340 m /s
L  is the length of the duct =  0.3885184 m
AT is the end correction to be added due to the
radiation impedance =  0 . 6  * radius of the duct (1 ”)
Finally the deviation of analytical results from the measured results 
can be explained by the fact tha t the analytical model does not 
consider the damping in the air. The phase of the acoustic 
impedance is presented in Figure 17 for all the frequencies.
The effect of providing the anechoic term ination on the 
impedance of the finite length duct is presented in Figures 18 and 
19. In Figure 18 the magnitude of the acoustic impedance shows 
marked difference from th a t of reflective termination. There are no 
tall peaks present in the lower frequencies because of the reduced 
amount of sound energy being reflected. Though there are peaks 
corresponding to the resonant frequency of the duct, the peaks are 
close to characteristic impedance, indicating better radiation out of 
the duct. The phase is presented in Figure 19. The reduction in the 
peaks in duct with anechoic term ination as compared to the 
corresponding peaks of a duct with reflective term ination shows how 
well the horn reduces the reflections occuring at the termination.
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Figure 18: Magnitude of acoustic impedance of an anechoically terminated duct of 
finite length
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Figure 19: Phase of acoustic impedance of an anechoically terminated duct of finite 
length
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Expansion chamber
The analytical measured acoustic impedance of the expansion 
chamber with a finite duct of length 15.3 in. attached on the down 
stream  side was calculated at the end of the wave tube or at the 
beginning of the side duct of the expansion chamber. The results of 
the acoustic impedances for the case of reflective term ination are 
plotted in Figures 20 and 21. The magnitude of the acoustic 
impedance expressed as a ratio of the acoustic impedance and the 
characteristic acoustic impedance, plotted in Figure 20, shows a 
good agreement between analytical and measured acoustic 
impedance values. The phase of the acoustic impedance is plotted in 
Figure 21 for reflective termination.
The effect of anechoic term ination on the acoustic 
impedance of the expansion chamber with a finite length duct 
attached is studied and the results are plotted in Figures 22 and 23. 
The effect of the expansion chamber is to reduce the resonance in 
certain frequencies and thus reduce the peaks in the magnitude of 
the acoustic impedance. The phase is plotted in Figure 23. Though 
the first cross mode for expansion chamber is 1010 Hz, the study 
was done for frequencies of up to 2000 Hz. as there is not much of 
the cross mode activity up to 2000 Hz. This is clearly evident from 
the fact that both analytical and experimental values agree 
excellently up to 2000 Hz.
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Figure 20: Magnitude of acoustic impedance of an expansion chamber with reflective 
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Figure 21: Phase of acoustic impedance of an expansion chamber with reflective 
termination
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Figure 22: Magnitude of acoustic impedance of an expansion chamber with anechoic 
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Figure 23: Phase of acoustic impedance of an expansion chamber with anechoic 
termination
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4.2.2 Acoustic performance characteristics 
N oise reduction
The noise reduction of the expansion chamber with source- 1  
was calculated analytically using the transfer matrices and also 
using the measured impedances at points before and after the 
expansion chamber for frequencies from 40 Hz. to 2000 Hz for both 
terminations. Then the noise reduction was measured by measuring 
the to ta l sound pressures at points before and after the expansion 
chamber. The results are plotted in Figures 24 and 25 for both types 
of terminations. From these Figures, it can be seen th a t there is a 
good agreement between the measured noise reduction and 
analytical noise reduction calculated using the transfer matrices in 
the frequency range considered. But there is a marked difference in 
values between the analytical noise reduction calculated using the 
measured acoustic impedance and m easured/analytical noise 
reduction of the expansion chamber with reflective term ination 
[Figure 24]. On providing the anechoic term ination the standing 
wave formation is suppressed and there is a better agreement 
between the results obtained in all the three different methods 
[Figure 25].
To verify the role of source impedance on the noise 
reduction, source- 2  was used and the results obtained from the three 
methods are plotted in Figures 26 and 27 for reflective and anechoic 
term inations respectively. In Figure 26 the noise reduction curves
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are identical to the noise reduction curves with source - 1  [Figure 24]. 
The formation of standing sound wave in the duct, downstream of 
expansion chamber caused the peaks to appear in the plot. The 
anechoic termination reduces the standing wave formation and 
results from analytical methods agree well with the measured results 
[Figure 27]. From these plots it is confirmed tha t source impedance 
does not play any role in the noise reduction. The anechoic 
term ination reduces the standing wave resonance and increases the 
noise reduction for frequencies in between the peaks.
Insertion-loss
The insertion-loss of the expansion chamber was calculated 
analytically and then measured for both reflective and anechoic 
terminations to study the effect of termination. The effect of source 
impedance on the insertion-loss was studied by using two different 
sources, source- 1  and source-2 , and calulating the analytical and 
measured insetion-loss for expansion chamber separately for each 
source. The results for source- 1  are plotted in Figures 28, 29 and 30 
for both  the terminations. In Figure 28, the insertion-loss plots of 
expansion chamber with reflective termination show a  disagreement 
between analytical and measured results. This is due to the standing 
sound waves formed between term ination and outlet. Another 
reason is the damping associated with the air. The effects of 
standing sound waves are evident from the Figure 29, where the 
anechoic term ination reduced the resonances occuring between the
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termination and the outlet of the expanion chamber. The large 
deviation of analytical results from those of experiment in lower 
frequencies is due to the fact the horn is not a good radiator a t low 
frequencies. But with the increase in frequency, there is a better 
agreement between the analytical and measured results. In both 
cases, the peaks occur with a gap of approximately 60 Hz. This 
corresponds to the fundamental resonant frequency of source-1 , 
which is a one-end closed duct of length of 1524 mm. The 
fundamental resonance frequency of a closed end duct is given by :
where c is the speed of sound =  340 m /s
L  is the length of the duct =  1.524 m
The effect of the anechoic term ination on the insertion-loss is 
clearly evident from the measured insertion-loss plots of the Figure 
30. In that plot, the anechoic term ination has reduced the peaks and 
smoothened the curve by suppressing the standing sound wave 
formation between the expansion chamber and the termination. In 
the low frequency range, the anechoic term ination has increased the 
insertion-loss in some frequencies. In the higher frequencies, the 
insertion-loss is reduced in some frequenies where the sharp spikes of 
the reflective term ination are reduced. So the anechoic term ination 
is to reduce the undesirable standing wave formation and increase
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F igure 28: Insertion-loss an ex p a n sio n  cham ber w ith  reflective  term in ation  and
sou rce-1
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F igure 29: In sertion -loss an exp an sion  cham ber w ith  anechoic term in a tio n  and
sou rce-1
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F igure 30: M easured  insertion-loss an exp an sion  cham ber w ith  b oth  term in ation s
and sou rce-1
CHAPTER 4. RESULTS 77
the insertion-loss in the lower frequencies.
The effect of source impedance was studied using 
source-2 as source. The analytical and measured insertion-loss are 
plotted for reflective term ination in Figure 31. This is similar to the 
insertion-loss with reflective term ination, except tha t the peaks 
recur with a periodic frequency of 280 Hz., which corresponds to the 
fundamental resonance frequency of source-2 , which is a one-end 
closed duct of length 388.5 mm. The effect of anechoic termination 
is shown in Figure 32. As expected the insertion-loss with anechoic 
term ination shows a better agreement between the analytical and 
measured values. There is reduction of peaks and suppression of 
some resonant peaks, indicating the suppression of standing sound 
waves between the expansion chamber and the term ination [Figure 
33].
In Figure 34, the effect of source impedance on the 
insertion-loss is presented for the measured values. Though the 
values of insertion-loss for different frequencies is in the same region 
for both the cases, there is m arked difference in the resonances. The 
source- 1 which is longer of the two, has more resonance peaks than 
the source-2. This shows th a t the source impedance influences the 
insertion-loss, either increase it or decrease it depending on the 
frequency.
The calculated insertion-loss of the hypothetical case of the 
anechoic term ination on both source and term ination sides, is 
compared with the analytical transmission-loss calculated from the
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Figure 31: In sertion -lo ss o f  an exp an sion  cham ber w ith  reflective term in a tio n  and
source-2
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In ser t io n - lo s s  of expansion cham ber  
with anechoic  term ination  and s o u r c e -2
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F igure 32: Insertion-loss o f  an exp an sion  cham ber w ith  anechoic term in a tio n  and
source-2
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transfer matrices. When the limiting case of no reflections from 
source and term inaton is considered, the insertion-loss should 
approach the transmission-loss. From Figure 35 it is clear tha t the 
insertion-loss approches the transmission-loss in tha t limiting case.
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Comparison of analytical in se r t io n - lo ss
and analytical tra n sm iss io n - lo s s
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Figure 35: Comparison of analytical insertion-loss having anechoic terminations on 
both ends and analytical transmission-loss
Chapter 5 
CONCLUSIONS
This chapter deals with the conclusions drawn from the 
research conducted for the thesis. After conducting both analytical 
and experimental studies on the effects of term ination on the 
acoustic response characteristics of the duct elements, the following 
conclusions were drawn by interpreting the results.
5.1 Conclusions
• The exponetial horn acts like a perfect radiator in the frequency 
range it is designed for and suppresses any reflections from the 
termination.
• The acoustic modeling of duct elements can be done effectively 
using the transfer m atrix method and the analytical results 
agree well with the experimental results.
• The reflective term ination results in resonance frequencies and 
correspondingly sets up standing sound waves in the duct
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between the expansion chamber and the termination and the 
acoustic response characteristics show extra peaks because of 
these standing sound waves.
• The anechoic term ination when provided reduces the effects of 
standing sound waves between the expansion chamber and the 
termination, and improves the agreement between the 
analytical and experimental values.
• The source impedance does not influence the noise reduction of 
an acoustic element.
• The source impedance influences the insertion-loss of the 
acoustic element in a duct.
• A sound source with a high acoustic impedance in a duct 
results in the development of resonance frequencies and 
corresponding standing sound waves in the duct between the 
sound source and the expansion chamber.
• An exponential horn placed at the sound source eliminates the 
resonance frequencies and corresponding standing sound waves 
in the duct tha t are associated with a sound source with a high 
acoustic impedance.
•  The insertion-loss of the acoustic element with no reflections 
from both the source and termination is nearly the same as the 
analytical transmission-loss.
Chapter 6 
RECOMMENDATIONS
The effects of termination on the acoustic response 
characteristics of the duct elements were studied in this thesis. The 
duct system was a small, rigid, circular duct system without a mean 
flow. But in real life situations, the duct systems used are always 
bigger, with yielding walls and with a mean flow. So, the following 
suggestions are made to include the above criteria for the future 
work in this area.
6.1 R ecom m endations
• The work done is for small, rigid, circular ducts without mean 
flow. Although this gives an approximate idea of the acoustic 
characteristics of the real life acoustic elements, the future work 
should include the mean flow in model. This makes it more 
realistic.
S6
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• The yielding of the walls of the ducts and the effect of the lining 
should be included in future studies to model the HVAC ducts 
more realistically.
• The studies should be extended to the bigger ducts and also to 
the rectangular ducts.
• The studies conducted for this thesis were for a simple 
expansion chamber. Both analytical and experimental studies 
should be conducted with more complicated acoustic elements 
in the duct system.
• To model the diffusers of the HVAC systems, similar 
terminations with deflectors should be used.
• Different sources like speakers, fans and engines should be used 
to study the effects of term ination on acoustic elements for 
different uses.
Appendix A 
FOUR-POLE PARAMETERS
The four-pole param eters of the transfer m atrix of expansion 
chamber are given in this appendix. These were used to calculate 
the analytical insertion-loss and the acoustic impedance due to the 
expansion chamber. The four-pole parameters were calculated by 
combining the transfer matrices of different elements of the 
expansion chamber.
A .l Different acoustic elem ents o f expansion  
chamber
The different elements of the expansion chamber are as shown 
in the Figure 36. The transfer matrices for all the separate elements 
are given below.
8 8
APPENDIX A. FOUR-POLE PARAMETERS 89
T1—4 «-------------T3-----------
12------- ----- ■*—— T4
b =! 1 in
______  i
I c = 3.9125 in '
- 1 1  = 2,492 in
r  I = 10,312 in — 12 = 2,492 in
Figure 36: The elements of expansion chamber
A .1.1 Side duct on the upstream side
The radius of the side duct is 1 The length of the side duct
is ‘ 11 The characteristic acoustic impedance is given by ‘ r l  ’ and 
is equal to 204756.27 MKS rayls. The transfer m atrix for side duct 
on the upstream  side is given as,
cos(kll) j r l s i n ( k l l )
^ s i n ( k l l )  cos(kll)
where ‘ k ’ is the wave number given by, k = .
IT 1] =
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A. 1.2 Area discontinuity between side duct-1 and 
expansion chamber
At the inlet of the expansion chamber the area changes 
abruptly and this causes higher order modes to be generated at the 
junction. These modes decay out exponentially. But they introduce 
a mismatch in impedance. This was calculated analytically by 
Karal[17]. He defined a function called K aral’s function to take into 
account the higher modes at the junction. This function was plotted 
against the ratio of side duct radius to the radius of expansion 
chamber. The K aral’s correction factor for a discontinuity in area is 
given by,
chamber radius (£) is 0.256.
For the expansion chamber used, the corresponding value of
where H  (£) is the K aral’s function, b is the radius of the side duct, 
c is the radius of the expansion chamber and p is the density of the 
air inside the duct. The ratio of side duct radius to expansion
K aral’s function and air density are given below.
0.69 (from [17])
A* n
p = 1 . 1 8  —r ( at 20°C and atmospheric pressure)
vnA
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The K aral’s correction factor was calculated to be,
L  =  8.6609667 and 
jco L  = j  54.42 /
The transfer m atrix for the discontinuity in area was given by 
Igarashi [13] as,
1  j u L 1 j  5 4 .42 /
0  1 0  1
[T 2 ] =
where ‘ f ’ is the frequency of the sound wave.
A. 1.3 Expansion chamber
The transfer m atrix of the expansion chamber is given by,
[T3] =
cos(kl) j r 2 s in ( k l ) 
^  sin(kl) cos(kl)
where 1 1 ’ is the length of the expansion chamber and ‘ r 2  ’ is the 
characteristic acoustic impedance of the expansion chamber duct 
which is equal to 13418.709 MKSrayls.
A. 1.4 Area discontinuity between expansion chamber and 
side duct-2
The transfer m atrix for the area discontinuity for the junction 
between expansion chamber and side duct- 2  is same as the transfer
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matrix for area discontinuity between the side duct- 1  and expansion 
chamber.
[T4] =  [Tl]
A .1.5 S ide d u c t-2
The transfer m atrix of the side duct - 2  is given by,
cos(kl2) j  r 1  sin(kl2 )
^  sin(kl2) cos(kl2)
where ‘ 1 2  ’ is the length of the side duct-2 .
A .2 Equivalent transfer m atrix
The equivalent transfer m atrix of the expansion chamber was 
found by multiplying the transfer matrices of the individual 
elements.
p y  = A  j B  
j C  D
= [Tl] [T2] [T3] pT4] [T5]
where A, B, C, D are the four-pole param eters of the expansion 
chamber. These are given by the following expressions:
f k  si'
A  = (cZ -  (cl c2  -  s i  s 2 ) -  si ( s i  c2  ^
r2
+  c l s 2
r l
f k  cl s 2  / 2  ^  _  f k  si
r l r 2
B  = cl c2[2 f k c l  +  sl(r2 — )]
I
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c  =
D =
+  r l  |'cl — si ^ j  (s i c2  +  c l s 2 ) — s i  s2  si
^ si ( , sZcl c2 — +  cZ — f k  —  
r 2 V r2
cl s 2  s 2  c2
+  T T
s i s 2
2  cl f k
r l 2
(cl c2  — s i  s 2 ) c^Z
/fc2 si 
r2 ' 
f k  si 
~ r 2
r l  
+  r2sl
r l 2
72"
r 9 f  7* 1
s i —— [ 2  f k  cl +  s l ( r 2  —)] H— - c l s 2 s l
r l  r2 r2
where s i =  sm(&Zl); s2 =  sin(kl2)\ si = sin(kl)
cl =  cos(kl 1 ); c2  =  cos(kl 2 ); cl = cos(kl)
and =  54 .42 /
These are the four-pole param eters of the expansion chamber. The 
four-pole parameters of the duct of length equal to the to tal length 
of the expansion chamber are needed to find out the analytical 
insertion-loss of the expansion chamber. The four-pole param eters 
for the duct are given by,
A t = cos(klt)
B t =  j r l s in ( k l t )
^  _  . sin(klt)
J  -j r l
Dt = cos (kit)
where lt is the length of the duct.
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The insertion-loss of the expansion chamber can be calculated 
analytically using the above four-pole parameters.
Appendix A 
PROGRAMS
In this appendix the programs used in the thesis are listed. 
Programming was done using FORTRAN - 77 and QuickBASIC. 
These programs were used to calculate the acoustic impedance, 
insertion-loss and transmission-loss. For FORTRAN programs 
Microsoft compiler of version 3.30 was used. For QuickBASIC 
programs Microsoft QuickBASIC v4.00 was used. These programs 
were compiled and run on an IBM compatible PC.
A .l  FO R T R A N  Program s
Acoustic impedance of different elements were calculated for 
the analytical model using the FORTRAN programs.
A .1.1 Tubeimp.for
This program was used to calculate the acoustic impedance of 
the finite length duct with unflanged open-end having radiation
95
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impedance at the end.
Comments
This Program  calculates the acoustic impedance of the 
open-ended duct at a point ”1” m from the termination. The 
radiation impedance was calculated using the equations of Levine 
and Schwinger and the results were stored in the file ’’crad il.ou t” . 
Radiation impedance was measured using the Two-microphone 
m ethod and the results were in the file ’’m rim p.out” . From these 
values the values of the acoustic impedance were calculated for all 
the frequencies from 40 Hz to 3990 Hz with 10 Hz step. These were 
put in an output file.
Program  Code
complex num,denom,zll,zl2,zl3,rc,rm 
real z,r,x,rs,c,ka,theta,g,kl 
real nri,der,dei,xrm,rrm,xrc,rrc 
real argl,arg2.arg3,m rm,prm ,m rc,prc 
integer i,fr 
Constants
rs =  204756.27 * This is the characteristic acoustic impedance 
of the duct. *
c =  0.0004666459 * This is equal to where ” a ” is the 
radius of the duct. *
g =  0.071378 * This is equal to kl =  where ” 1 ” is the 
length of the duct *
open(unit= l, file —’m rim p.out’, s ta tu s= ’old’)
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open(unit= 2 , file=’crad il.ou t’, s tau ts= ’old’)
open(unit=3, file=’m goptu.out;, s ta tu s= ’new’)
open(unit=4, file= ,m tuop.out’,s ta tu s= ’old’)
open(unit=5,file=;phoptu.out!,status= 'new ’)
read(2 ,*)
do 10 i= l  ,396
fr=10 * i -f- 30
ka =  c * fr
kl =  g * fr
read( 1,15 )mrm,prm
read(2,15)mrc,prc
rm  =  cmplx(imm*cos(prm*0.01745),mrm*sin(prm*0.01745))
rc =  cmplx(mrc*cos(prc*0.01745), mrc*sin(prc*0.01745))
rrm  =  real(rm)
xrm =  aimag(rm)
rrc =  real(rc)
xrc =  aimag(rc)
* calculation of impedance of at the point ”1” from the term ination
of the duct. *
nri =  xrm +  rs * tan(kl) 
num =  cmplx(rrm.nri) 
der =  rs - xrm * tan(kl) 
dei =  rrm * tan(kl) 
denom =  cmplx(der,dei) 
zl2  =  (num/denom) * rs
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arg2 =  atan(aim ag(zl2)/real(zl2)) * 57.29578
* similarly for measured values of radiation impedance *
nri =  xrc +  rs * tan(kl)
num =  cmplx(rrc,nri)
der =  rs - xrc * tan(kl)
dei =  rrc * tan(kl)
denom =  cmplx(der,dei)
zl3 =  (num /denom ) * rs
arg3 =  atan(aim ag(zl3)/real(zl3)) * 57.29578
* Measured values acoustic impedance of the open-ended duct *
read(4,15)ztm,ptm 
write(3,35)fr,ztm,cabs(zl2),cabs(zl3) 
write(5,35)fr,ptm,arg2,arg3 
1 0  continue
15 format(8x,el5.8,4x,el5.8)
35 format(i4,2x,el5.8,2x,el5.8,2x,el5.8)
close 
stop 
end
A .1.2 Hornimp.for
This program calculates the horn-throat impedance of the 
exponential horn and the acoustic impedance of the finite length 
duct with the horn attached.
Comments
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L =  length of the horn =  1.016 m  T =  2.266 ( from the 
equation e2LT =
k l =  sqrt{T2 — k 2)
rs =  f  =  204756.27 MKS rayls m ~l
c =  ^  =  0.0183718 ; g =  fff where ”1” is the length of the 
tube =  15.296 ” =  0.38835 m 
Program Code
real T ,L ,k ,rc.theta,m ,kl,derl,nul
complex zs,nui,ks2 ,nuil,den 2 ,den,kl,nur,der,zlt
integer i,fr
real exp,c,kll ,denl ,kcl ,z,x,r,g,mhm,phm 
real zl2,pl2,zl3,pl3,zll,pll 
Constants
T =  2.2663239 
L =  1.016 
rs =  204756.27 
c =  0.0183718 
g =  0.0071378
open(un it= l,file= ,m him p.out’,s ta tus= ,old’)
open(unit= 2 ,file=,m hotu.out,,s ta tu s= ’old’)
open(unit=3,file=’m ghim p.out’,s ta tus= ,new’)
open(unit=4,file= 1phhim p.out,,s ta tu s= ,new’)
open(unit=5,file=’m ghtuim p.out,,s ta tu s= ’new,)
open(unit= 6 ,file=,phhtuim p.out’,status==’new’)
do 10 i= l,396
[ S m o u th  \  \  
\ S t h r o a t  J  '  
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read(l,45)m hm ,phm
write(3,35)fr,mhm,z
write(3,35)fr,phm,theta
Calculation of acoustic impedance inside the duct at ”1” 
distance from the the throat of the horn, 
nul =  x +  rs*tan(kl) 
nur =  cm plx(r,nul) 
derl =  rs - x*tan(kl) 
der =  cm plx(derl,r*tan(kl)) 
zlt =  rs*(nur/der) 
zl2  =  cabs(zlt)
pl2 =  atan(aim ag(zlt)/real(zlt)) * 57.29578 
read(2,45)zl3,pl3 
write(5,36)fr,zl3,zl2,zll 
write(6,36)fr,pl3,pl2,pll 
1 0  continue
35 format(i4,4x,el5.8,4x,el5.8)
36 format(i4,4x,el5.8,4x,el5.8,4x,el5.8)
45 format(8x,el5.8,4x,el5.8)
close
stop
end
PLEASE NOTE
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expansion chamber (y/n) : ’)
read(*,15)okl
15 format(a3)
if ((okl.eq.’y ’) .or.(okl.eq.’yes’)) then
k 2  =  0.0011628
else
goto 5
endif
16 write(*,25) 
read(*,26)ok2
25 fo rm a t(//, ’is there a horn attached : (y/n) ’ )
26 format (a3)
if ((ok2  .eq. ’y ’) .or. (ok2 .eq.’yes’) then
infile 1  =  ’m him p.out’
elseif ((ok2 .eq.’n ’) .or. (ok2 .eq.’no’)) then
infile 1  =  ’m rim p.out’
else
goto 16 
endif
if ((k2.eq.0.0083) .and. (infilel.eq.’m him p.out’)) then 
inf2  =  ’exptuim p.hrn’ 
else if ((k2.eq.0.0083).and. (infilel.eq.’mrim p.out’)) then 
inf2  = ’exptuimp.opn’ 
else if ((k2.eq.0.0011628).and. (infilel.eq.’m him p.out’)) then 
inf2  =  ’m ehim p.out’
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else
inf2  =  ’meoimp.out’ 
end if 
write(*,30)
30 fo rm at(//, ’give the output file name ’) 
read(*,35)outfile
35 form at(al3)
open(unit= l,file=infilel, sta tus = ’old’)
open(unit= 2 ,file=outfile,status = ’new’)
open(unit=3,file=inf2, status = ’old’)
do 40 i=4,399
kl2  =  k2  * i * 1 0
k ll =  0.0011628 * i* 1 0
kl =  0.0048119 * i * 10
c l =  cos(kll)
c2  =  cos(kl2 )
cl =  cos(kl)
s i =  sin(kll)
s2  =  sin(kl2 )
si =  sin(kl)
fk =  54.42*i*10
Four-Pole parameters 
a l =
(cl-(fk*sl/r2 ))*(cl*c2 -sl*s 2 )-sl*(sl*c2 * ( r l / r 2 )+ c l* s 2 *(r2 / r l ) )  
a 2  =  (fk *cl*s2 / r l ) * ( 2 *cl-(fk*sl/r2 ))
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a =  a l - a 2
b l =  cl*c 2 *(2 *fk*cl+sl*(r2 -((fk**2 ) / r 2 ))) 
b 2 =  rl*(cl-((sl*fk)/r2 )*(sl*c 2 + cl* s 2 )-(sl*s2 *(rl** 2 )* (sl/r2 ) 
bi =  b l+ b 2  
b =  cmplx(0 ,bi)
cel =  (cl*c 2 *sl/r2 )+(cl-(fk*sl/r2 ))*((cl*s2 / r l ) + ( s 2 *c2 / r l ) )  
ce2  =  (sl*s2 /( r l* * 2 )*(2 *cl*fk-((fk**2 )*sl/r2 )+ r 2 *sl) 
ci =  cel-ce2  
c =  cmplx(0 ,ci)
d l =  (cl*c2 -sl*s2 )*(cl-(fk*sl/r2 )) 
d 2  =
sl* (c 2 / r l )* ( 2 *fk*cl+sl*(r2 -((fk**2 ) / r 2 ) ) ) + ( r l / r 2 )*cl*s2 *sl 
d =  d l - d 2  
read( 1,48)mze,pze
ze =  cmplx(mze*cos(pze*0.01745),mze*sin(pze*0.01745)) 
zl =  ((a*ze +  b)/(c*ze +  d)) 
read(3,48)zll,pll 
zl2  =  cabs(zl)/rl
pl2 =  atan(aimag(zl)/real(zl))*57.29578 
write(2,50)i*10,zll,rl,pll,zl2,pl2 
40 continue
48 format(8x,el5.8,4x.el5.8)
50 format(i4.2x,el5.8,2x.el5.8,2x,el5.8,2x,el5.8)
close 
stop
APPENDIX A. PROGRAMS 106
end
A .1.4 Inloss.for
This program calculates the analytical insertion-loss from the 
measured values of source impedance.
Comments
11 =  length of the side tube (upstream side) =  0.0632968 m
12 =  length of the side tube (downstream side) =  0.0632968 
1 =  length of the expansion chamber =  0.26192 m
It =  length of the duct of equal in length to the acoustic 
element =  0.0071378 m
kll =  = 0.0011628 f (for the side tube on the upstream
side)
kl2  =  =  0.0011628 f (for the side tube on the downstream
side)
kl =  =  0.0048119 f (for the expansion chamber )
kk =  0.0071378*f (for the straight duct of length equal
to the length of the acoustic element) 
r l  =  =  204756.27
tube
r2 =  = 13418.709
•^erp .
Source impedance of the duct section upstream  of expansion 
chamber was measured and stored in ’’backl.out” .
Program Code
complex c,b,zr,zs,num,denom,bt,ct
real a ,d ,a l,a 2 ,d l,d 2 ,mgz.phz,kll,kl2 ,kl,kk,testl,m zs,pzs,at,dt
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integer i,fr
real fk ,cl,c 2 ,cl,sl,s2 ,sl,b l,b 2 ,cel,ce2 ,ci,bi,rl,r2 ,ila 
character* 13 infl,inf2,outfile 
character*4 opl 
Constants
r l  =  204756.27 
r2 =  13418.709
9 write(*,10)
1 0  fo rm a t(//, ’is there a horn attached : (y/n) ’ ) 
read (* ,ll)o p l
11 format (a4)
if ((opl .eq. ’y ’) .or. (opl.eq .’yes’) then 
infl =  ’m him p.out’
elseif ((opl.eq .’n ’) .or. (op l.eq .’no’)) then
infl =  ’m rim p.out’
else
goto 9
endif
inf2  =  ’back2 .out’ 
write(*,30)
30 form at( / / ,  ’give the output file name (.out) :’) 
read(*,35)outfile 
35 form at(al3)
open (un it= l.file= in fl.s ta tu s= ’old’) 
open (unit= 2  .file=inf2  ,s ta tu s= ’old’)
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open(unit=3,file=outffile,status=’new’)
do 40 i= l  ,396
fr =  i*10 +  30
k ll =  0.00116288 *fr
kl2  =  k ll
kl =  0.0048119 * fr 
kk =  0.0071378 * fr 
c l =  cos(kll) 
c2  =  cos(kl2 ) 
cl =  cos(kl) 
s i =  sin(kll) 
s2  =  sin(kl2 ) 
si =  sin(kl) 
fk =  54.42 * fr
c Four pole parameters 
a l =
(cl-(fk*sl/r2 ))*(cl*c2 -sl*s 2 )-sl*(sl*c2 * ( r l / r 2 )+ c l* s 2 *(r2 / r l ) )  
a 2  =  (fk *cl*s2 / r l ) * ( 2 *cl-(fk*sl/r2 )) 
a =  a l - a 2
b l =  cl*c2*(2*fk*cl4-sl*(r2-((fk**2)/r2))) 
b2=  rl*(cl-((sl*fk)/r2)*(sl*c2+cl*s2)-(sl*s2*(rl**2)*(sl/r2) 
bi =  b l+ b 2  
b =  cmplx(0,bi)
cel =  (cl*c 2 *sl/r2 )+(cl-(fk*sl/r2 ))*((cl*s2 / r l ) + ( s 2 *c2 / r l ) )  
ce2  =  (sl*s2 /( r l* * 2 )*(2 *cl*fk-((fk**2 )*sl/r2 )+ r 2 *sl)
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ci =  cel-ce2 
c =  cmplx(0,ci)
d l =  (cl*c2-sl*s2)*(cl-(fk*sl/r2) 
d2 =
sl*(c2/rl)*(2*fk*cl+sl*(r2-((£k**2)/r2)))+(rl/r2)*cl*s2*sl 
d =  d l  - d2 
te s tl =  a*d - b*c 
c Four-pole parameters of the straight duct 
at =  cos(kk)
bt =  cmplx(0,rl*sin(kk)) 
ct =  cm plx(0,sin(kk)/rl) 
dt =  cos(kk) 
read(l,50)mgz,phz
zr=cmplx(mgz*cos(phz*0.01745),mgz*sin(pliz*0.01745)) 
read(2,50)mzs,pzs 
zs=cmplx(mzs*cos(pzs*0.01745),mzs*sin(pzs*0.01745)) 
num =  a*zr-|-b-}-c*zs*zr-f-d*zs 
denom =  at*zr+bt-f ct*zs*zr+dt*zs 
ila =  20*alogl0(cabs(num/denom)) 
write(3,55)fr,ila 
40 continue
50 format(8x,el5.8,4x,el5.8)
55 format(i4,4x.el5.8) 
stop 
end
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A .1.5 Insloss.for
This calculates the measured insertion-loss from the 
measurements of pressure made for both  the terminations.
Program Code
real ilm ,pe,pt 
integer i,j,fr
character*13 infl,inf2,outfile 
write (*10)
10 fo rm a t( // ,’ enter the name of the data  file for expansion 
cham ber’)
read(*,15)infl 
15 format ( a l3) 
write(*,20)
20 fo rm at(// , ’ enter the nam e of the data file for duct ’) 
read(*,25)
25 form at(al3) 
write(*,30)
30 fo rm at(// , ’ enter the output file nam e’)
read(*,35)outfile 
35 form at(al3)
open(un it= l,file= in fl,s ta tus= ’old’)
open(unit=2,file=inf2,status=’old’)
open(unit=3,file=outfile,status=’new’)
do 40 i= l,396
read(l,50)fr,pe
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read(2,50)fr,pt 
ilm =  20*logl0(pt/pe) 
write(3,50)fr,ilm 
40 continue 
50 format(i4,4x,el5.8) 
stop 
end
A. 1.6 Meatloss.for
This calculates the measured Transmission-loss from the 
measurements of pressure made with anechoic terminations. 
Program Code 
real tlm ,pi,pt 
integer i,j,fr
character* 13 infl,inf2,outfile 
write(*10)
10 fo rm at(// , ’ the data file for transm itted sound pressure’) 
read(*,15)infl 
15 form at(al3) 
write(*,20)
20 fo rm a t( //,’ the data file incident sound pressure ’) 
read(*,25)
25 form at(al3) 
write(*,30)
30 fo rm a t(//,’ enter the output file nam e’)
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read(*,35)outfile 
35 form at(al3)
open(un it= l,file= in fl,s ta tus= ’old’) 
open(unit=2,file=inf2,status=’old’) 
open(unit=3,file=outfile,status=,new’) 
do 40 i= 1,396 
read(l,50)fr,pt 
read(2,50)fr,pi 
tlm  =  2Q*loglO(pi/pt) 
write(3,50)fr,tlm 
40 continue 
50 format(i4,4x,el5.8) 
stop 
end
Bibliography
[1] Levine and Schwinger. On the radiation of sound from an 
unflanged circular pipe. Physical review, 73(4), 1947.
[2] Webster. Acoustical impedance and the theory of horns and the 
phonograph. In Proc.Natl. Acad.Sci., number 5, pages 275 -  282, 
1919.
[3] P.M.Morse. Theoretical Acoustics. McGraw Hill & Co., 1968.
[4] Leo L. Beranek. Noise and Vibration Control 1971.
[5] Leo L. Beranek. Some notes on measurement of acoustic 
impedance. Journal of Acoust. Soc. of Am., 19(3):420 -  427, 
1947.
[6] M.L. K athuria and M.L. Munzal. Accurate m ethod for 
experimental evaluation of the acoustical impedance of a black 
box. Journal of Acoust. Soc. of Am., 58(2):451—457, 1975.
[7] ASTM STANDARD C384-77. Standard test m ethod for 
impedance and absorption of acoustic materials by impedance 
tube method. ASTM . 1977.
[8] K.J. Taylor. Absolute measurement of acoustic particle velocity. 
Journal of Acoust. Soc. of Am., 59(3):691 -  694, 1976.
[9] M.R. Davis and K.J. Hews-Taylor. Laser-doppler measurement 
of complex acoustic impedance. Journal of Sound and 
Vibration, 107(3):451 -  470. 1985.
113
BIBLIOGRAPHY 114
[10] A.F.Seybert and D.F. Ross. Experim ental determination of 
acoustic properties using a two-microphone randomm excitation 
technique. Journal of the Acoust. Soc. of Am., 61:1362 -  1370, 
1977.
[11] J.Y.Chung and D.A.Blaser. Transfer function method of 
measuring in-duct acoustic properties: Theory and experiment. 
Journal of the Acoust. Soc. of Am., 68:902 -  913, 1980.
[12] Hugh Hildreth Skilling. Electric Networks. John Wiley & sons, 
1974.
[13] Juichi Igarashi and T.Miwa. Fundamentals of acoustical 
silencers - ii, determination of four term inal constants of 
acoustical elements. Aero. Res. Inst. Report 339, 1959.
[14] M.L.Munzal. Acoustics of Ducts and Mufflers. John Wiley h  
Sons Co., 1987.
[15] William Paul Patrick. Sound Transmission through Lined Ducts 
in Parallel. PhD thesis. Massachusetts Institu te of Technology, 
1979.
[16] W.P. Mason. A study of the regular combinations of acoustic 
elements, with applications to recurrent acoustic filters, tapered 
acoustic filters and horns. Bell System Tech. Jour., 6, 1927.
[17] F.C.Karal. The analogous acoustical impedance for 
discontinuities and constrictions of circular cross section.
Journal of the Acoust. Soc. of Am., pages 323 -  330, 1953.
[18] Douglas D. Reynolds. Engineering principles of Acoustics and 
Vibration. 1979.
[19] William Micheal Daube. A two-microphone method for 
determining the acoustic absorption and impedance. M aster’s 
thesis, University of Pittsburgh, 1980.
